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Introduction
In depth studies on graphene in recent years have marked it as a very intriguing material with astonishing electronic properties, including high carrier mobility and very low resistivity, among others. [1] [2] [3] However, though being an exquisite material, graphene possesses a disadvantage of being sensitive to its ambient surroundings, so much so that its properties can be wrecked by other materials present in close proximity. For a system to be able to mimic graphene and yet not allow alterations in its electronic properties by the environment, the material particularly must have a large electronic band gap and should be free from dangling bonds. Another material, well exploited due to its isoelectric resemblance with graphene is hexagonal boron nitride (h-BN). 4 The h-BN, a well-known conventional and non-toxic material has been used to provide better electrical insulation, high heat resistance and good lubricant properties. 5 The high corrosion resistance, high thermal conductivity, thermal stability under even oxygen atmosphere make h-BN a unique among other 2D members. 6, 7 This ultra-thin insulation atomic layer has many applications in electronic industry.
Tuning the physical properties by hybridization of different materials is one of the rapidly growing advancements in material science at present scenario. Due to the uncanny resemblance of h-BN with other graphene analogue nanostructures, its alternating nitrogen and boron atoms arrangement can bear addition of carbon. Boron carbon nitrate (BCN) is such a system where the introduction of BN into graphene or vice versa can change the properties of individual systems. Various approaches have been used to achieve this hybrid system.
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The in-plane doping of BN in atomic layer of graphene was reported. 7 Further, the recent advances made by many groups display the modication in the light emission and H 2 sorption properties of (B, N) rich (BCN) with control over carbon and oxygen content. [12] [13] [14] Since, BCN compounds also offer visible light emission, these can be considered as metal-free phosphors without any appreciable toxicity.
12 Various inorganic phosphors have been developed over the years. Generally they require a phosphor to be chemically inert and thermally stable to achieve high luminescence efficiency with wide range of excitation and emission wavelengths. [15] [16] [17] Oxide, oxysulphide, oxynitride and nitride compounds have been found to possess such properties and considered as the host lattices for rare earth (RE)-ions phosphors.
14 As activators, RE-ions provide desired characteristics in a phosphor material. 18, 19 However, its utility is limited because it is very expensive in its any form such as chlorides, acetates and oxides. Moreover, its synthesis procedure is quite cumbersome due to requirement of high temperature and pressure conditions. Hence, the usage of RE-ions phosphors is delimited in the future due to its lack of economically unfeasible and environmentally harmful characters. Therefore, the phosphor based on rare-earth free materials is in high demand because it is less expensive, comparatively non-toxic, thermochemically stable and eco-friendly in nature. Moreover, they possess high luminescence efficiency with broad excitation and emission spectrum. Importantly, boron carbon oxynitride (BCNO) can address several drawbacks of RE-ions phosphors with an advantage of tunable photoluminescent behavior. [20] [21] [22] [23] [24] With its composition, BCNO compounds are expected to exhibit wide electronic properties from insulating to conductor.
11 Recently, few works on the synthesis of BCNO phosphors by thermal catalytic CVD, solid-state reactions, microwave plasma CVD and one-step liquid process have been reported including its application in the white light emitting diodes (WLEDs). 4, 11, 25 In addition, hydrogen storage, electronic devices and electron eld-emission are some of the other attractive applications of BCNO. [15] [16] [17] Though, BCNO offers a wide range of advantages over phosphor, currently it is challenging to obtain the high purity BCNO nanomaterials. To the best of our knowledge, there have been limited reports on the synthesis of BCNO and its application in the optoelectronic devices. However, so far, no studies have been reported on the use of BCNO as nanobioprobes for bioimaging applications. Previously, we have reported the yellow colour emitting 2D BCNO nanophosphor for WLEDs applications. 4 Now, we are exploring the details of the synthesis of colour tunable 2D BCNO nanophosphor for in vitro and in vivo high-contrast cellular imaging.
The BCNO is reported as a highly efficient and environment friendly phosphor with its emission ranging from whole visible region to near UV region. Thus, with high emission yield and tunable emission for desired wavelength, BCNO paves the way for a broad range of applications. Since, its prospective biological applications being one of the most unexplored areas, we undertook this study to probe into the possibilities of using BCNO as a biocompatible nanoprobe for high contrast cellular imaging. The theoretical calculations 14, 22 and experimental evidence [8] [9] [10] have indicated that tunable visible emission and high quantum yield can be achieved in BCNO compounds with metal-free phosphors and low toxicity property.
Since the luminescent materials have been proposed as potential materials for detection and manipulation of biological systems, most of the studies are directed towards their biocompatibility and cytotoxicity which, mostly depends directly on the particle size and shape of the materials. A few studies on the synthesis of size-controlled europium doped yttrium oxide nanophosphor with small particle size (in nanometer range) have been reported. 18 However, it is well-known that for biolabelling or any sort of biological applications, the particle size must be well below 10 nm. Larger particle size can adversely affect the biological system and intracellular tracking during its transport through vascular endothelium and excretory process through urine.
Herein, we report the synthesis of 2D BCNO nanophosphor using auto-combustion method 4 based on the reaction of urea, boric acid and polyethylene glycol. The emission colour clearly depends on the variation of B/C mmolar ratio and this rareearth free tunable visible colour emitting biocompatible 2D BCNO nanophosphors are demonstrated to be a potential bionanoprobe for in vitro and in vivo high-contrast cellular imaging applications.
Experimental

Synthesis of 2D BCNO nanophosphors
The 2D BCNO nanophosphor was prepared using customized auto-combustion method in which boric acid (H 3 BO 3 , boron source), urea or carbamide (CO(NH 2 ) 2 , nitrogen source) and polyethylene glycol(carbon source, PEG, M W -10 000) were used as the starting materials. As we have previously reported, PEG is one of the appropriate carbon source materials for obtaining best PL intensity. 4 These materials were mixed in 120 gm of ultrapure water and stirred vigorously at 100 C for obtaining a clear transparent aqueous solution. Unless otherwise stated, the quantity of the boric acid and urea in the precursor solution were xed at 0.025 mol and 0.25 mol, respectively and the mole amount of PEG were changed from 0 to 0.35 mol. The resulted solution was heated in closed box type furnace to 400 C at the rate of 6 C min À1 and kept at this temperature for 10 min to form pyrolsate (uffy dry-gel powder form). The pyrolsate step is important in which organic compound is pyrolyzed under condition that would not allow organic compounds to vanish by combustion, thus, the C/N ratio remains constant. In order to have uniform carbon composition, the pulverized pyrolsate mixture was disintegrated with the help of furnace. This mixture was transferred into a ceramic crucible and heated to 800 C in box furnace at the rate of 25 C min À1 for 10 min to obtain BCNO precursor. The complex chemical changes may take place in the mixture with this optimized temperature. For achieving homogeneity throughout the mass, the as-prepared precursor was subsequently annealed at 750 C for 45 min under ambient conditions. Here, in this process, the B/N ratio (0.1) was kept constant, whereas B/C ratio was varied from 25 to 71.42 in order to control the emission spectra of the obtained products, as shown in Table T3 ( The oxygen content varies within a very limited range for these samples. The oxygen atoms were found to be present in the form of boron oxide, and boron oxynitride that can be considered as an interfacial zone bridging regions of boron nitride and the residual boron oxide. It is quite evident that the emission color wavelength can be easily tuned from violet to deep red regions simply by varying the B/C ratio. This is further explained in photoluminescence section with more clarity.
Characterization
The phase purity identication, gross structural characterization and the bonding state of the as-obtained product were analyzed by XRD technique (Rigaku: MiniFlex, CuKa 1 ; l ¼ 1.5406Å). The slow X-ray scan was performed in the 2q range from 10 to 80 deg. with a scan step of 0.01 deg. Prior to the XRD measurement, the diffractometer was calibrated using silicon powder as reference material (d 111 ¼ 3.1353Å). 26 The accurate lattice parameters were also obtained through a least square tting method using computer-based unit cell renement soware. The chemical bonding status was examined with Fourier transformation infrared (FTIR) spectroscopy by NICO-LET 6700 instrument using KBr pellets. The thickness of the 2D BCNO layer was measured by atomic force microscope (AFM, Model no. NT-MDT Solver Scanning probe Microscope). The surface morphology and micro-structural characterization were performed by scanning electron microscopy (SEM, Model no. EVO MA 10 VPSEM) and high resolution transmission electron microscopy (HRTEM, Model no. Technai G20-twin, 200 kV with super twin lenses having point and line resolution of 0.144 nm and 0.232 nm, respectively) equipped with energy dispersive Xray analysis (EDAX) facilities for elemental studies. The 2D BCNO nanophosphor chemical composition was analyzed by an electron energy-loss spectrometer (EELS) using a spectrometer attached to the transmission electron microscope. EDAX mapping of the 2D BCNO nanophosphor has been performed by using eld scanning emission microscope (FESEM) Carl ZEISS-SUPRA 40 VP equipped with EDAX facility. UV-visible spectra were measured by a high resolution UV-vis spectrophotometer (MODEL no. LS 55). The photoluminescence (PL) spectra of nanophosphors were carried out using photoluminescence spectrometer (Edinburgh, FLSP-920), where Xenon ash lamp acts as source of excitation. In order to measure the absolute quantum efficiency of 2D BCNO nanophosphors, we used an integrating sphere, which is equipped with Edinburgh, FLSP-920 spectrometer. The estimation of quantum yield was estimated on the integral fraction of luminous ux and radiant ux as per well-known standard method. Time-resolved spectroscopy was performed by photoluminescence spectrometer with EPL 375 nm picoseconds pulsed diode laser as a source of excitation. The CIE color coordinates were measured using colorimeter C1210, serial no. 1296104. All the optical photographs were taken from the digital CANON Power Shot SX600 HS (16Â megapixels, 5Â optical zoom) camera.
Biocompatibility
The HeLa cells were cultured and maintained in DMEM high glucose medium (Invitrogen) containing 4.5 g L
À1
D-glucose, 4 mM L-glutamine, and 110 mg L À1 sodium pyruvate, supplemented with 10% fetal bovine serum (FBS), 100 IU mL À1 penicillin and 100 mg mL À1 streptomycin in a humidied incubator at 37 C with 5% CO 2 . About (4 Â 10 3 cells) were plated in each wells of a 96 well cell culture plate with 100 mL of culture medium. Aer overnight incubation, anticancer drug or nanophosphor B, D, E and G diluted in cell culture medium were added to each wells in different concentration ranging from (0-100 mg mL À1 ) in triplicate. Aer 24 h and 48 h of incubation, the medium containing nanophosphors were removed, and the cells were washed gently with 500 mL warm, sterile phosphate buffer solution (PBS). MTT (3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed as described previously 27 using a Tecan Innite M200 microplate reader (Mannedorf, Switzerland).
In vitro bioimaging
The cells were cultured and maintained in DMEM medium as described above. For bioimaging, 1 Â 10 4 cells were plated in each well of a 4 well sterile chamber slides (Nunc, USA) with 500 mL culture medium. Aer overnight culture, 25 mg mL À1 of samples B, D, E, and G were added to the culture medium. Aer overnight incubation, medium was removed from the cells and was washed two times with 1 mL PBS. Cells were xed using 1% paraformaldehyde and mounted with Vecta shield antifade mounting media with or without 4 0 -6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Inc., CA). A Zeiss LSM 510 META confocal microscopy (Carl Zeiss) equipped with CApochromat40X/1.2W Corr and plan-Apochromat 63X/1.4 N.A. oil immersion objectives was used for bioimaging. The images were analyzed by the Zeiss LSM 510 soware. 
In vivo imaging studies
5 min, excitation lter -410 nm, emission lter -600 nm (red) and 455 nm (blue) f-stop -4.11, FOV -160 mm. 2.
Results and discussion
2D BCNO nanophosphor has been synthesized using customized auto-combustion method. The structural purities of 2D BCNO nanophosphor were studied by powder X-ray diffraction. Fig. S1 † shows the XRD patterns of synthesized samples A, B, C, D, E, F, G and H. Ah-BN peak at 26.7 ; JCPDS no. 75-1681 are present in all powder samples. 4 These extraneous peaks are consequence of unreacted boric acid, as shown in our previous report. 4 The graphene-facilitated formation of h-BN has been observed and these overlapped signals indicate the hexagonal phase of 2D BCNO nanophosphor with lattice parameters, a ¼ 0.248 nm, b ¼ 0.248 nm and c ¼ 0.663 nm. Fig. 1a exhibits the repeated pattern of proposed unit cell of 2D BCNO nanophosphor on the basis of experimentally observed FTIR, EELS, AFM and TEM/HRTEM. Here, boron atoms are surrounded by three nitrogen atoms; out of which, two nitrogen atoms was replaced by a carbon atom and an oxygen atom respectively to form unit cell of BCNO. In hexagonal-boron nitride (h-BN) lattice, carbon and oxygen atoms act as impurity atoms. A typical FTIR spectrum in 600-2000 cm À1 range for sample B is shown in Fig. S2 (see ESI †) . From the IR transmittance spectrum, the presence of BCNO was evident by B-N, B-C, N-B-O and B-N-B stretching vibrations modes at $1418, 1072, 942, and 711 cm À1 , respectively. 4 The presence of B-N linkage (stretching mode, $1418 cm À1 ) are attributed to in-plane and out-of-plane vibration modes of the sp 2 hybridized BN. 28, 29 The FTIR spectra of B, D, E and G samples having different amount of carbon content are shown in inset of Fig. S2 (see ESI †) . Moreover, introduction of carbon in the system does not result in any observable change in the shape of the IR spectra, indicating that the carbon amount in the as-formed BCNO nanophosphor may be very low. Thus, from the FTIR results, the formation mechanism of BCNO nanophosphor is conrmed. Further, the AFM technique affirmed the quality of the 2D BCNO layer. AFM image of the as-synthesized 2D BCNO nanophosphor of sample G is shown in Fig. 1b reveals that ultrathin sheet-like nanostructure assembling its 2D structure. To determine the irregularity and width of layers line-scan prole was taken. The resultant line-scan prole species a thickness of 2D BCNO nanophosphor layer $2 nm is shown in Fig. S3 (see ESI †).
The BCNO nanophosphor chemical composition was further examined via an electron energy-loss spectrometer (EELS). The EELS spectrum of sample B, D, E and G are shown in Fig. S4 . † Further investigations were carried out to effectively enhance the performance of as-synthesized 2D BCNO nanophosphors derived from PEG as a carbon source. 4 The surface morphology and chemical state of B, C, N and O elements were analyzed using SEM, TEM, EDAX and EDAX mapping. Fig. 2a shows the UV-vis absorption spectra of as-synthesized samples A, B, C, D, E, F, G and H (in water medium) in the range of 250-1000 nm. A shoulder peak centered at 295 nm appears in absorption spectra, which is induced by the transition between carbon impurity levels. The absorbance increases with increasing the carbon content in BCNO nanophosphor and broad absorption spectra in the range 300-600 nm may be assigned to the absorption of carbon related defects levels in BCNO nanophosphor. The normalized PL spectra of 2D BCNO nanophosphor having different compositions (B/C ratio) are shown in Fig. 2b . Each powder sample (A, B, C, D, E, F, G and H) was excited at different excitation wavelengths (sample A-315 nm, sample B-370 nm, sample C-385 nm, sample D-415 nm, sample E-470 nm, sample F-478 nm, sample G-485 nm and sample H-510 nm excitation wavelengths) as shown in Fig. 2b and Table T1 . † The multi-colour emissions from violet to deep red under excitation of 370 nm UV lamp for samples B-H in water medium, except sample A excited with 254 nm UV lamp are shown in inset of Fig. 2b . Samples A-H under room light in water medium is shown in Fig. S13 . † The PL emission of 2D BCNO nanophosphor (xing the B/N ratio and tailoring the B/C ratio) is tailored according to the concentrations of B/C ratio value ranging from 25/0 to 25/0.35 and subsequently leading to single, intense and different colour emitting (violet to deep red) from BCNO nanophosphor. Carbon atoms are crucial for controlling the emission band of 2D BCNO nanophosphor that leads to the changes in emission colour of BCNO nanophosphor. 4 The carbon content introduced from the PEG material within the BCNO nanophosphors changed the chemical composition. The carbon vacancies substitute or intercalate in the crystal lattice of h-BN. This result in variations in the BCNO band gap and caused shis in the PL peaks.
11 Previous studies have reported that the band gaps of BCN compounds depend strongly on the atomic arrangement within the compounds.
4,11 The results described above suggest that the combination of a low synthesis temperature and a high PEG fraction leads to red-shiing of the BCNO phosphors. The comprehensive effects of B/C molar ratio on the peak wavelength of the BCNO nanophosphors can be clearly seen in Fig. 2b . With the decrease in the B/C molar ratio, the peak position shis towards longer wavelength. As a result, we succeeded in developing a rare earth free BCNO nanophosphors with tunable emission in the range from 342 to 654 nm. The proposed energy level diagram of multi-colour emission is shown in Fig. S14 . † Furthermore, these multi-colour emitting BCNO nanophosphors with constituent atoms B, C, N and O may have different diffusion rates to the proper lattice positions creating some defects in the structure. These defect levels are widely distributed in the electronic band structure of BCNO, which is considered to be the main reason for the broadened PL spectra. These results reveal that the resultant 2D BCNO nanophosphors emit all the visible range colours from violet to deep red. The chromaticity analysis was performed to further investigate the PL properties of the 2D BCNO nanophosphors. The chromaticity co-ordinate (x,y) of the 2D BCNO nanophosphors were prepared with different B/C molar ratio (from sample B to H) are given in Table T2 (see ESI †). It can be noticed that the colour of the BCNO phosphors can be tuned over nearly entire visible light spectrum. The colour can be tuned by manipulating both the composition ratios of the raw materials as well as the reaction conditions. From these results, we can conclude that the 2D BCNO nanophosphors show promising potential as violet to deep red colour emitting materials because these could be synthesized without using expensive rare earth materials.
The tting curve of time-resolved photoluminescence decay spectra of as-synthesized powder samples A, B, C, D, E, F, G and H are shown in Fig. 2c . The PL decay for visible emission at different excitation wavelength for the entire individual sample was recorded. For BCNO nanophosphor, the decay time is in the range of nanoseconds. Since, excitation lifetime is a size dependent parameter, smaller the size of the nanophosphor, the shorter would be the excitation lifetime and higher would be its recombination rate. All the decay curves cannot be tted by single exponential decay, which implies that multiple processes in addition to the radiative transition may have been largely involved during the decay of emission. The lifetime data of 2D BCNO nanophosphor transitions are very well tted to a tripleexponential function as described by the equation:
where s 1 , s 2 and s 3 are the decay lifetimes of the luminescence, and A 1 , A 2 and A 3 are the weighting parameters. The observed lifetimes for all the BCNO nanophosphor (samples A, B, C, D, E, F, G and H) and their calculated average lifetime are summarized in Table T3 (see ESI †). In 2D BCNO nanophosphor, N vacancy substitutional defects (CB or CN) and B/O-related defects are present in the crystalline parts as well as near crystalline sites (in the amorphous parts) and due to this, different defect levels are generated which affects the uorescent lifetime.
To examine the biocompatibility and cytotoxicity of 2D BCNO nanophosphor, we used standard MTT assay for B, D, E and G nanophosphors in human cervical cancer derived HeLa cell line that is one of the well characterized 30 and most commonly used cancer cell lines in scientic research. Cells with different concentrations of nanophosphors were analyzed including control cells and treatment with established anticancer drug doxorubicin (DOX) or TAXOL as positive control for MTT. As shown in Fig. 3a-d , no apparent cellular toxicity was observed aer 48 hour incubation of up to 10 mg mL À1 nanophosphors.
In order to investigate the utility of B, D, E and G nanophosphors for cellular imaging, we performed in vitro bioimaging studies in HeLa cells using confocal microscopy ( Fig. 3e(i) , and movie SMV1-3). Fig. 3e(ii) shows the confocal microscopy images of HeLa cells aer overnight treatment with nanophosphors. For some of the experiments, the cellular nucleus is stained blue with DAPI ( Fig. 3e(iii) ). As shown in the confocal images in Fig. 3e(iii) , the nanophosphor molecules are distributed throughout the cytoplasm. The overlap of uores-cence and phase contrast images clearly show the cell-specic cellular localization of nanophosphors. The cellular localization of nanophosphors was further conrmed by multi cell imaging for B, D, E and G nanophosphors as shown in Fig. S15 (see ESI †). The process of blue uorescent B, red uorescent G of 2D BCNO nanophosphor samples and negative control (without BCNO nanophosphor) with DAPI and nucleus can also be clearly seen in ESI Movie † SMV1, SMV2 and SMV3, respectively. The confocal images of HeLa cells with DAPI nuclear staining but without nanophosphors shown in Fig. S16 (see ESI †). The images were photographed under similar microscopic conditions used for nanophosphor G. Further, to assess the tissue distribution and uorescence ability in vivo, BCNO red emitting (sample G) and blue emitting (sample B) nanophosphors (40 mg kg À1 body weight) were injected intraperitoneally in six weeks old C57BL/6J mice and uorescence intensity was visualized at different time intervals i.e. 15 min (sample G), 1 h (sample G) and 2 h (sample B). 2D BCNO red emitting (sample G) nanophosphors injected mice showed higher uorescence at $600 nm range and uorescence was seen in the limbs, liver and tail. 2D BCNO blue emitting (sample B) nanophosphors injected mice showed higher uorescence at $455 nm range and uorescence was seen in the limbs, liver and tail. The maximum intensity was found aer 1 h of injection which gradually declines and negligible aer 2 h shown in Fig. 4 . These experimental mice did not show any loss in weight and exhibited normal activity when compared to control animals. In addition, compounds did not cause any adverse effect to the animals as there was no lethality found. Thus, the highly luminescent high-contrast imaging capability of nanophosphors strongly suggests that this ultrane, biocompatible 2D BCNO nanophosphor could be an ideal choice for in vitro as well as in vivo bioimaging applications. 
Conclusions
In summary, simple and inexpensive rare-earth free 2D BCNO nanophosphors of varying compositions have been successfully synthesized using auto-combustion method which can be produce in large-scale. The observed AFM, EELS and TEM/ HRTEM results conrms the formation of 2D layered BCNO nanophosphor. The molar ratios of starting materials and heating temperature play a key role in the crystallinity of the material. The absorption peak was narrow and located at $295 nm and with increasing carbon contents, a broad absorption band appeared in the range 300-600 nm. Furthermore, by varying the carbon content in the reaction process, single, distinct, and broad emission band of these 2D BCNO nanophosphors could be achieved, ranging from 342 to 654 nm. These tunable and biocompatible luminescent 2D BCNO nanophosphors are successfully used for in vitro high-contrast cellular imaging as well as in vivo imaging applications. Thus, these novel multi-colour emitting 2D nanophosphors can act as stepping stone for rare-earth free biocompatible 2D nanoprobes for next generation high-contrast in vitro as well as in vivo imaging applications.
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